Semiconductor bulk crystals and multilayer structures with controlled isotopic composition have attracted much scientific and technical interest in the past few years. Isotopic composition affects a large number of physical properties, including phonon energies and lifetimes, bandgaps, the thermal conductivity and expansion coefficient and spin-related effects. Isotope superlattices are ideal media for self-diffusion studies. In combination with neutron transmutation doping, isotope control offers a novel approach to metal-insulator transition studies. Spintronics, quantum computing and nanoparticle science are emerging fields using isotope control.
I. Introduction
The end of the Cold War led to new and unique opportunities for collaborations between laboratories in the countries of the Former Soviet Union (FSU) and the rest of the world. Some laboratories in the FSU countries had accumulated large stocks of highly enriched isotopes of a great number of elements, among them the elements forming semiconductors. Thus started a broad range of investigations involving bulk and thin film multilayer semiconductor structures with highly controlled isotopic composition. In the following sections, a number of the more spectacular results, which were obtained through stable isotope control, will be reviewed and new fields of semiconductor research, which may profit from isotope control, will be discussed briefly.
II. Phonons and Phonon-Related Properties
Phonons, the quantized vibrational modes of a crystal lattice, depend very directly on the masses of the isotopes making up the crystal. Using a spring-and-ball analog, we recall that the phonon frequency is proportional to 1/ √ M (M=isotope mass). A direct verification of this dependence has been made by Fuchs et al. 1) in Raman spectroscopy experiments with four of the five stable isotopes of germanium. Approximately 80% of all the elements have two or more stable isotopes, including the common semiconductors silicon ( 28 Si, 29 Si, 30 Si), germanium ( 70 Ge, 72 Ge, 73 Ge, 74 Ge, 76 Ge), gallium arsenide ( 69 Ga, 71 Ga, 75 As) and diamond ( 12 C, 13 C). In such multi-isotopic materials, the phonon frequencies depend on an averaged isotopic mass. Formation of extended isotope multilayer structures of germanium (called isotope superlattices) has led to a number of unique results involving zone folding of the phonon dispersion relationship of this well-studied semiconductor 2, 3) (see Fig. 1 ). In a very recent study, coherent, confined LO phonons generated through femtosecond laser pulses were investigated for the first time in a 70 Ge/ 74 Ge isotope superlattice. 4) The isotope superlattices used for these studies are grown by the Molecular Beam Epitaxy (MBE) technique and they typically consist of 2 to 32 alternating atomic layers, each of the two stable isotopes. Raman spectroscopy is used to measure the optical phonon frequencies at the center of the Brillouin zone. Calculations based on the planar force constant mode, 5) using the bond polarizability approach, 6) accurately reproduce the observed spectra.
Phonons transport heat and are directly responsible for the thermal conductivity. As early as 1942, Pomeranchuk predicted that the thermal conductivity of crystalline solids should depend on isotopic composition. 7) Geballe and Hull were first to demonstrate experimentally an increase in the thermal conductivity in isotopically enriched germanium. 8) Spectacular thermal conductivity increases have been measured in isotopically enriched diamond. 9) Indeed, the lowtemperature thermal conductivity of diamond exceeds today's experimentally accessible limits! Isotopically enriched 28 Si is currently investigated for its suitability in advanced very high speed integrated circuits (IC). The improved thermal conductivity of enriched 28 Si 10) has been shown in model calculations to reduce the highest temperature spots in advanced ICs by several tens of degrees. This more efficient spreading of the dissipated power could be achieved with a 10 to 20 µm thick epitaxial layer of 28 Si on a silicon wafer of natural isotopic composition.
More subtle, but from a basic science point-of-view important effects related to isotopic composition, are changes in the lattice constant, 11, 12) the thermal expansion coefficient 13) and the bandgap. 14) Accurate and detailed studies of these physical parameters have been conducted and published for a number of semiconductors.
III. Doping and Electronic Transport
The ability to control the electrical conductivity with two types of charge carriers (holes and electrons) is perhaps the most important advantage of semiconductors over other material. While this control is commonly achieved through the introduction of dopant impurities into the semiconductor by a number of different processes (addition of dopants to the melt, ion implantation, diffusion, etc.), there is an unconventional way of doping based on the transmutation of semiconductor host isotopes into dopant isotopes. Transmutation can be induced through capture of thermal neutrons. Neutron Transmutation Doping (NTD) is used to dope several hundred tons of ultra-pure silicon with phosphorus according to the following nuclear reaction: 30 14 Si(3.10%) + n thermal 
Doping homogeneity and reproducibility resulting from the NTD process are superior to the conventional doping techniques. 15 
Equations (2)-(6) describe the decay schemes of the five stable Ge isotopes after the capture of a thermal neutron (n th ). The natural abundances are given in parentheses after each Ge isotope. EC stands for the electron capture process and β − for the beta decay. v e andv e are the neutrino and the antineutrino respectively. The transmutation products are germanium acceptors (Ga), donors (As) and double donors (Se). It is evident that changing the relative isotopic composition directly affects the relative dopant concentrations. Growing germanium crystals consisting only of a mixture of 70 Ge and 74 Ge isotopes and using NTD allows the formation of a continuous series of crystals doped form purely p-type ( 70 Ge 100%) to purely n-type ( 74 Ge 100%) with all the possible compensation ratios between these two extremes. Our group has used NTD with natural Ge to form highly sensitive thermal detectors operating in the Kelvin and milliKelvin temperature range 16) in a large number of far infrared and microwave astronomy and astrophysics experiments. [17] [18] [19] The group of K. Itoh at Keio University has taken advantage of the excellent uniformity and reproducibility of NTD and combined it with the isotope control to study the metal-insulator transition in germanium. 20, 21) The quality of these samples have set new standards for this field. Figure 2 shows the precise merging of the relevant parameters [T 0 =exponential factor in the Shklovskii-Efros hopping conduction theory 22) ] on the insulating side and the zerotemperature conductivity on the metallic side of a series of samples taken from the same piece of ultra-pure germanium, doped with NTD to different acceptor and donor concentrations. The concentration at which the two sides merge is the critical concentration N C =1.856×10 17 cm −3 . The Itoh group has expanded these studies to isotopically controlled germa- nium samples and to include magnetic fields. 23) 
IV. Diffusion
The study of diffusion in semiconductors is of vital importance for the formation of p-n-junctions, bipolar transistors and Metal-Oxide-Semiconductor (MOS) devices. These are the building blocks of all modern ICs. The shrinking dimensions of ICs and the associated increase in the clock frequencies requires shallower doping depth and higher concentrations, both challenges for diffusion driven processes. The increasing demands on an improved understanding of dopant diffusion processes, together with the availability of isotope multilayer structures of numerous semiconductors, have advanced the field of diffusion science significantly. It is now possible to study the depth dependence of dopant and host lattice isotope concentrations simultaneously using Secondary Ion Mass Spectrometry (SIMS). Typical depth profiles of an AlGaAs/GaAs heterostructure in which the Ga is isotopically controlled ( 27 Al and 75 As are both mono-isotopic!) are shown in Fig. 3 24) in the as-grown state and after annealing for 30 min at 1,050 • C.
Studies of GaAs self-diffusion have been conducted with donors (Si) and acceptors (Be). The observation that donor doping enhances Ga self-diffusion, while acceptor doping retards it, is direct evidence for a negatively charged native defect, presumably the Ga vacancy, promoting self-diffusion. 25) Detailed self-diffusion studies have been conducted with isotope multilayer structures of silicon, 26) germanium, 27, 28) gallium phosphide 29) and most recently with gallium antimonide. 30) The last study was conducted with isotope control of both sublattices and yielded the surprising result that Ga diffuses ∼10 3 times faster than Sb under intrinsic conditions. 
V. Nanoscience and Quantum Computing
The use of stable isotopes in semiconductor science and technology is by now firmly established and a broad range of very diverse studies have yielded numerous interesting results. Still, it is my belief that we are at the beginning of most interesting uses of isotopically controlled semiconductors. The rapidly expanding field of nanoscience has not made any use of isotope control.
We envision isotopically structured nanoparticles with unique optical or electrical transport properties. Spintronics is using the electron spin for information storage and transmission. Isotope control allows the deliberate introduction or omission of nuclear spins and nuclear magnetic moments (e.g. 29 Si). The nuclear spin carrying isotope can be distributed in the semiconductor matrix at the nanometer level using ion implantation and advanced lithographic techniques. We expect that the full exploitation of isotope control will bring us closer to the realization of quantum computing.
